Micro-arc oxidation (MAO) coatings were prepared on 2024 aluminum alloy in silicate electrolytes with the addition of TiO2 nanoparticles with varied contents from 0 g/L to 4 g/L. The voltage-time curves, micro-hardness, thickness, surface and cross-sectional morphologies, phase composition, adhesion, corrosion resistance and the process mechanism were analyzed. The results indicated that the oxidation voltage and thickness of the coatings increased gradually with the addition of the TiO2 nanoparticles. The coating phase composition contained TiO2. The size of the micro-pores increased, but the size of the sintered disc decreased on the surface of the MAO coatings, so the surface became more compact. Therefore, the micro-hardness and corrosion resistance of the coatings increased as the TiO2 nanoparticle concentration increased. Moreover, the adhesion of the coatings also increased because of the increase in the coating thickness. Above all, the performances of the MAO coatings with TiO2 nanoparticles were improved.
INTRODUCTION
Micro-arc oxidation (MAO) is an emerging and effective surface treatment technique that is derived from anodic oxidation. MAO, known as anodic spark deposition (ASD) [1] and plasma electrolytic oxidation (PEO) [2] , or micro-arc discharge oxidation (MDO) [3] , is used to fabricate relatively thick in-situ ceramic coatings on light metals such as Al, Mg, Ti and their alloys to improve Na2SiO3, 2 ml/L C3H8O3, and the concentrations of TiO2 nanoparticles with sizes of approximately 260 nm were 0, 1, 2, 3, and 4 g/L (the abovementioned reagents were supplied by Kelong Chemical Reagent Factory and Cologne Chemicals Limited Company of Chengdu, China). To maintain homogeneity, the electrolytes containing TiO2 nanoparticles were continuously stirred during the MAO process. A pulsed electrical power of 5 kW was used to provide a positive pulse current during the MAO process. The MAO coating was prepared in 30min with a peak current density of 10A dm -2 , a fixed frequency of 100
Hz and a duty cycle of 60%. The oxidation voltage-time curves were recorded. The electrolyte temperature remained lower than 30°C by a heat exchange system. After micro-arc oxidation, samples were soaked in hot water at 90°C for 20 min and then dried in warm air. Scanning Electron Microscopy (SEM, ZEISS EVO MA15, Germany) equipped with an Energy Dispersive Spectrometer (EDS, OXFORD 20, America) were used to investigated the surface and crosssectional morphologies of MAO coatings. The phase compositions of the coatings was observed by Xray Diffraction (XRD, DX-2700B, China), and the diffraction data were acquired with a scattering angle of 2θ from 10° to 80° at a scanning speed of 0.1°/s. The surface micro-hardness was measured by a digital micro-hardness tester (HXD-2000TM/LCD, China) with a load of 2 N for 15 s. Ten measurements of micro-hardness were performed for every coating, and they were taken from different areas. The resulting average values are shown in Figure 6 . Similarly, Digital Thickness Gauges (TT230, China) was used to tested the thickness of 10 points in different areas. Furthermore, A multifunctional surface performance tester (MFT-4000, China) was used for scratch test, and 0 ~ 30 N was automatically loaded. Each sample was tested three times in different areas. The thermal shock tests of the coatings were studied with a chamber electric furnace (SX-10-12, China) at 500°C for 10 min and then cooled down in 25°C water for 50 cycles.
A salt spray test (JK-60A, China) was used to measure the rate of corrosion, and Electrochemical Workstation (IM6, Netherlands) was applied to acquire polarization curves in 3.5% NaCl at room temperature. The polarization curve scanning rate was 1.5 mV s -1 with a potential range from -1.0 V to -0.4V. Especially, in the salt spray test, the specimens of MAO coatings formed with different TiO2 concentrations were placed in 3.5% NaCl solution for 240 hours at room temperature, and the corrosion rate was calculated with the following formula:
where m0 is the initial sample weight, m1 is the weight of after corrosion, s is the sample area, and t is the corrosion time. Figure 1 shows the variety of oxidation voltages with different concentrations of TiO2 nanoparticles. During the MAO process, the voltage rapidly increased to approximately 450 V and instantly entered into the micro-arc oxidation stage in approximately 2.5 min, and then the voltage became relatively stable. It can also be seen that with the addition of TiO2 nanoparticles from 0 g/L to 4 g/L, the oxidation voltage increased. This can be explained by the fact that the voltage was related to the current and resistance. The resistance was the sum of the coating resistance and electrolyte resistance. When the concentration of TiO2 nanoparticles increased, the electrolyte concentration in the solution increased, and because TiO2 nanoparticles have negative zeta potential in alkaline media [17] , more TiO2 nanoparticles could adsorb on the surface of samples by mechanical stirring and the electric field. In addition, more electrolytes could enter into coatings through discharge channels by the electric field and mechanical stirring. With the reaction process, the resistance of the coatings increased, resulting in an increase in the total reaction resistance and ultimately an increase in the oxidation voltage. In addition, with increasing TiO2, the rate of voltage increase was accelerated, and the breakdown voltage could be reached more quickly, so the micro-arc oxidation stage could be reached more rapidly. As a consequence, the addition of TiO2 nanoparticles could promote the growth of MAO coatings. Figure 2 indicates the porous surface morphologies of the MAO coatings with different concentrations of TiO2. There were many sintered discs and micro-pores on the surface of the coatings. The size of the micro-pores increased, but the number decreased with increasing TiO2 concentration. In contrast, the size of the sintered disc gradually decreased with increasing TiO2 nanoparticle concentration. When the oxidation voltage reached a critical point (breakdown voltage) in the electrolytes, the spark discharge occurred on the substrate surface. With increasing voltage, it would changed from a spark discharge to an intense micro-arc discharge on the sample surface. First, the initial discharge ignited the gas bubbles between the coating and the electrolyte and then induced the breakdown of the dielectric barrier layers. Each micro-discharge occurred in micro-pores of the oxidation film, which was attributed to an initial dielectric breakdown of a barrier layer in the bottom of the micro-pores [18] . With increasing TiO2 nanoparticles, the voltage became higher, which supplied more energy and maintained a higher arc temperature, and the melting of the coating became more, so the size of the micro-pores increased, but the number decreased. Furthermore, because of the high energy and heterogeneous nucleation, the melt formed and deposited rapidly in the wall of the micro-pores, which led to the reduction of eruption of the melt. As a result, the sizes of the sintered discs decreased. Table 2 shows the element atomic fraction with different TiO2 concentrations, and Figure 3 indicates the distribution of Ti element on the coating surface. In Figure 3 , the distribution of Ti element was uniform and became denser with the addition of TiO2 nanoparticles. From Table 2 , it can be seen that the content of Si and Al decreased, O and Mg were changeless, but the content of Ti increased gradually with increasing TiO2 concentrations. This result proved that TiO2 nanoparticles were incorporated into the coatings successfully, which is consistent with the results shown in Figure 3 . Figure 4 shows the cross-sectional morphologies of the coatings formed in electrolytes with different TiO2 concentrations. In fact, the addition of TiO2 affected not only the surface micromorphologies but also the cross-sectional morphologies. From Figure 4 , it can be seen that the coatings consisted of two layers, which included a loose layer (out-layer) and a dense layer (in-layer). Some micro-pores could be observed on the coating cross sections, and the adhesion of the substrates and MAO coatings was tight. Comparing the cross-sectional morphologies of Figure 4 , it can be found that the thickness of the MAO coatings formed in electrolytes increased with increasing TiO2 nanoparticle concentration. Thus, the addition of TiO2 was beneficial for promoting the thickness of the ceramic coatings. According to Figure 1 , because the oxidation voltage rose by increasing TiO2 concentration, the higher energy in the micro-arc discharge process resulted in the increase of the arc temperature. Therefore, the coatings could be sufficiently sintered, and the materials bonded tightly with increasing TiO2 concentration [15] . The results of EDS line scanning showed that the Ti content of the MAO coating element rose gradually, and the distribution of Ti was relatively uniform in the loose layer and dense layer of the coatings. 
RESULTS AND DISCUSSION

Oxidation voltage-time curve during MAO
The surface morphologies and EDS results of the MAO coatings
(a) 1 g/L, (b) 2 g/L, (c) 3 g/L, and (d) 4 g/L.
The cross-section morphologies of MAO coatings
The phase composition of the MAO coatings
The phase composition of the MAO ceramic coatings with added TiO2 nanoparticles was investigated by XRD. As shown in Figure 5 , it could be illustrated that the coatings mainly consisted of γ-Al2O3, SiO2, α-Al2O3 and TiO2, and the elements appearing in the phase composition were consistent with the EDS map scanning. The phase of TiO2 appeared when TiO2 nanoparticles were added, but the intensity of the SiO2 and γ-Al2O3 changed slightly. Therefore, it could be indicated that adding TiO2 nanoparticles did not exert an apparent influence on the phase composition of the MAO coatings. During the MAO process, some chemical reactions might have occurred as follows [14] : 
It is generally believed that the amorphous MAO alumina coating is first produced. The oxidation of aluminium initiated from 140°C, and the amorphous aluminium was oxidized into γ-Al2O3. Then, the surface oxidized aluminium particles started to melt, the γ-Al2O3 phase transformed into α-Al2O3 by heating in the range of 800-1200°C [5, 19] , and the reaction is shown by formula (5). A main idea of the transformation mechanism is that both α-Al2O3 and γ-Al2O3 phases in the MAO coatings are mainly formed through rapid cooling of the molten alumina. The critical free energy of nucleation for γ-Al2O3 is lower than for α-Al2O3 when there is a very high cooling rate [5] . When α-Al2O3 and γ-Al2O3 phases formed, at the same time, the molten TiO2 nanoparticles entered into the discharge channels and mixed within the Al2O3 and then cooled rapidly. Figure 6 presents the thickness and micro-hardness. It can be observed that the thickness and micro-hardness increased gradually with increasing TiO2 nanoparticle concentration. First, the increase in thickness could be explained by an ejection process of molten alumina. In the process of MAO coating growth, the oxidation film formed by anodic oxidation broke down, and micro-discharges appeared as a result of the instantaneous high temperatures. Second, aluminium and elemental alloys of the substrate were melted, entered the discharge channels and were oxidized; in addition, compositions of electrolyte also entered the discharge channels. Third, due to the high temperature and voltage caused by discharge sparks, ions from the substrate and electrolyte were generated by relative chemical reactions, and then the reaction products were cooled down and deposited onto the discharge channel walls 18. Because of the increase in TiO2, the reaction products increased, and the thickness increased. As shown in Figure 2 , with the addition of TiO2 nanoparticles, the surface of the MAO coatings became more compact and smoother, so the micro-hardness of the ceramic coatings increased. Furthermore, the phase compositions included TiO2, γ-Al2O3 and α-Al2O3, which possess high hardness. Therefore, the more TiO2 nanoparticles were added, the more TiO2 was present in the MAO ceramic coatings, and the microhardness was higher. 
Micro-hardness and thickness of the MAO coatings
The Crack resistance analysis
The adhesion strength of coatings
The results of the scratch adhesion test are shown in Figure 7 with different TiO2 concentrations. It can be seen that with the increase of TiO2 nanoparticles, the adhesion of the coatings increased gradually. In the test, the load at which the MAO coating scratches appeared was used as a characteristic value for the adhesion strength. Therefore, the adhesion was related to the micro-structure, thickness and micro-hardness of the coatings. As previously described, the micro-structure was increasingly compact and dense, and the thickness and micro-hardness also increased as the TiO2 nanoparticle concentration increased. Thus, the variation trend of adhesion was consistent with the micro-hardness and thickness. Figure 8(a) , indicating the good thermal shock property of the MAO coatings. Figure 8 (b) exhibits little local micro-cracking on the surface of the MAO coatings. Few micro-cracks appeared because the thermal shock stress was very high in the process of thermal shock testing, so the presence of micro-cracks could preferably release more thermal stress [12] . In addition, the rugged and porous surface of the MAO coatings caused the difference in the thermal expansion coefficients between the coatings and substrates, which had a serious effect on the combination of coatings and substrates; therefore, the initiation of micro-cracks occurred under cyclic heating conditions [20] . The rate of corrosion was tested by a salt spray test. According to formula (1), the corrosion rate can be indicated in Figure 9 , and it can be seen that the corrosion rate decreased with increasing TiO2 nanoparticle concentration. Because of the more compact and smoother surface, although the micro-pore size became larger, the corrosion rate decreased, which indicated that the corrosion resistance increased with the addition of TiO2 nanoparticles.
Potentiodynamic polarization test
As shown in Figure 10 , the potentiodynamic polarization curves were obtained with different TiO2 nanoparticle concentrations, and the corrosion potential and the corrosion current density were calculated by Tafel fitting [21] . The specific calculation formulas are as follows [22] :
Then, the corrosion rate Vcorr can be acquired by the calculation formula according to Faraday law (N-equivalent weight, ρ-density):
The results are demonstrated in Table 3 . The corrosion rate of the MAO coatings decreased, and as a result, the corrosion resistance increased, which was similar to the results of the salt spray test. According to previous analysis, the corrosion rate was influenced by the thickness of the coatings and the porosity of the micro-pores. The size of the micro-pores rose, but the surface of the MAO coatings was more compact, the coating thickness was larger, and the corrosion resistance increased with increasing TiO2 concentration. It was obvious that the addition of TiO2 into the electrolyte effectively improves the corrosion resistance of the MAO ceramic coatings. 
MAO process mechanism
The growth mechanism of the MAO process is shown in Figure 11 . In the circuit, the oxidation voltage increased gradually until reaching the breakdown voltage of the electrolyte, and small and free sparks began to appear at the sample surface. In fact, the initial spark discharge ignited the gas bubbles between the sample and the electrolyte and then induced the breakdown of the dielectric barrier layers. Each discharge occurred at the weak micro-areas of the oxidation coating. With the increase of voltage, the behaviour changed from spark discharges to intense micro-arc discharges on the sample surface, which led to increases in energy and temperature. Therefore, the reactions of the substrate, electrolyte and oxygen occurred, and the melting Al ejected via the discharge channels. Furthermore, TiO2 nanoparticles with negative charge adsorbed on the surface of the sample and then entered the discharge channels by mechanical stirring and electric field. As a result, all the reaction products mixed together into the coating.
Because the oxidation voltage was relatively low at low TiO2 concentrations compared with that at high TiO2 concentrations, the energy and temperature were low, so the size of the micro-pores was small, and there were fewer reaction products. When the TiO2 concentration increased, the oxidation voltage increased, and the stronger electric field induced more frequent electric arc discharge events, which enlarged the size of the discharge channels. Meanwhile, the drastic electric arc breakdown and large-sized discharge channels accelerated the movement of particles, and more TiO2 nanoparticles and substrate were easily melted and then reacted with oxygen, which produced more reaction products; thus, the growth rate of the coating increased rapidly, and the thickness increased. 
CONCLUSIONS
MAO coatings containing TiO2 nanoparticles were successfully fabricated on 2024 aluminium alloy in silicate electrolyte with different TiO2 nanoparticle concentrations. With the increase in the TiO2 nanoparticle concentration from 0 g/L to 4 g/L, because of the adsorption of TiO2, the oxidation voltage increased, which resulted in more energy and higher temperature, and the increasing severity of the micro-arc discharge led to a decrease in the size of the sintered disc, an increase in the size of the micropores and more reaction products, so the surface morphologies of the coatings became denser, and the coatings thickened gradually. According to the XRD results, the coatings consisted of γ-Al2O3, SiO2, α-Al2O3 and TiO2, so the presence of a hard phase and a more compact microstructure caused an increase in the micro-hardness. Moreover, the adhesion rose as the micro-structure, thickness and micro-hardness increased accordingly. In addition, the corrosion resistance of MAO coatings increased because thicker and denser coatings could effectively inhibit Cl -movement into the discharge channels. As a result, adding TiO2 nanoparticles into the electrolyte could enhance the performance of the coatings.
